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Summary 18 
1. Despite the strong impact of ultraviolet (UV) radiation on invertebrates, it is unknown 19 
whether it affects immune function across metamorphosis. More generally, the mechanisms 20 
on how larval stressors bridge metamorphosis and shape adult fitness in animals with a 21 
complex life cycle remain poorly understood. 22 
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2. We here study whether cuticular melanin content is upregulated under UV exposure in the 23 
larval stage of the damselfly Coenagrion puella and whether this is traded off across 24 
metamorphosis against a key component of the invertebrate immune response, the melanotic 25 
encapsulation response, in the adult stage.  26 
3. Larvae exposed to UV increased the melanin content in their exoskeleton and metamorphosed 27 
later and at a smaller mass than animals reared without UV. Across metamorphosis, this was 28 
associated with a reduced melanotic encapsulation response, thereby constituting the first 29 
proof for a UV driven impaired immune response in an invertebrate. The demonstrated costs 30 
of UV exposure in terms of age and mass at metamorphosis and reduced adult immune 31 
response likely translate into reduced adult fitness.  32 
4. Path analysis indicated that the immunosuppressive property of larval UV exposure was not 33 
mediated by age and mass at metamorphosis, but instead that the adult immune response was 34 
traded off against larval cuticular melanin investment. 35 
5. Melanin-based trade-off across metamorphosis provide a new pathway by which effects of 36 
larval stressors are carried over to the adult stage and thereby advances our understanding of 37 
the still largely enigmatic mechanisms of carryover effects of larval stressors across 38 
metamorphosis. Given the mechanistic base, this carryover effect of larval UV exposure on 39 
adult immune function is expected to be general and may constitute a widespread and 40 
important cost of UV exposure in invertebrates.  41 
Key-words 42 
Carryover effects, complex life cycle, damselflies, immunocompetence, melanization-cost 43 
hypothesis, melanotic encapsulation, metamorphosis, parasitism, path analysis, ultraviolet 44 
radiation  45 
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Introduction 46 
One of the everyday threats that organisms face is solar ultraviolet radiation (UV; 280-400 nm) 47 
(Hansson & Hylander 2009). Although UV radiation can be beneficial (Sommaruga 2003), it 48 
often severely negatively impacts organisms by affecting life history, behaviour and physiology 49 
(Bancroft, Baker & Blaustein 2007; Häder et al. 2011; Llabrés et al. 2013). Moreover, these 50 
negative effects can propagate through food webs by changing predator-prey and host-parasite 51 
interactions and by affecting food quality (Tucker & Williamson 2011). Climate change and its 52 
effects on, for example, dissolved organic carbon input, acidification and cloud cover are 53 
expected to alter the exposu e of aquatic animals to UV radiation (Williamson et al. 2014), 54 
making it especially relevant to mechanistically understand its biological effects to arrive at better 55 
predictions of its future effects in aquatic systems. 56 
One common way how animals deal with harmful UV radiation is through the deposition 57 
of melanin, a photoprotective compound, in the cuticle (Ortonne 2002). Yet, melanin has several 58 
other key functions, such as immune defence, cuticle hardening, camouflage and wound healing 59 
(Roulin 2014), all depending on the limited dietary intake of phenylalanine and tyrosine, the 60 
precursors for melanin (Stoehr 2006). Central in the regulation and formation of melanin is the 61 
enzyme phenoloxidase (PO), part of the prophenoloxidase cascade, and produced by haemocytes 62 
(Sugumaran 2002). Because of the shared mechanistic basis behind the different functions in 63 
which melanin is involved, it can be expected that these might be linked and likely traded off 64 
against each other, mediated by the limited availability of melanin. Several studies indeed have 65 
reported phenotypic and genetic associations between, for example, cuticular melanization and 66 
immune function (Robb, Forbes & Jamieson 2003; Hagen et al. 2006; Prokkola et al. 2013), but 67 
surprisingly never in the context of UV exposure. Moreover, to our knowledge, no previous 68 
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studies have tested for effects of UV radiation on the immune system in an invertebrate (for 69 
examples in vertebrates: Goettsch et al. 1994; Markkula et al. 2007). This seems especially 70 
relevant as melanin is a key molecule for invertebrate immunity (Siva-Jothy, Moret & Rolff 71 
2005). 72 
In general, the way how larval stressors bridge metamorphosis and affect adult fitness 73 
remains poorly understood. Many animals, including insects and amphibians, have a complex life 74 
cycle (CLC), characterized by discrete phases exhibiting contrasting morphological, 75 
physiological, behavioural or ecological attributes (Moran 1994). Historically, it was believed 76 
that metamorphosis decouples these ecologically distinct life stages, allowing independent trait 77 
expression in both stages (“adaptive decoupling hypothesis”, Moran 1994). However, during the 78 
last decades it has become clear that metamorphosis is “not a new beginning” and that larval 79 
stressors can bridge metamorphosis and impact adult fitness-related traits (Pechenik, Wendt & 80 
Jarrett 1998; Pechenik 2006; but see Campero et al. 2008b). These so-called carryover effects 81 
have received growing attention lately, though often only age and time at metamorphosis are 82 
considered as mediators of these effects and therefore considered as the key traits optimized at 83 
metamorphosis in complex life cycles (e.g., Rowe & Ludwig 1991; Abrams et al. 1996; Relyea 84 
2007). Yet, recent studies show that larval stressors also can affect adult traits independently of 85 
these metamorphic traits (De Block & Stoks 2005; Van Allen et al. 2010), but the underlying 86 
coupling mechanisms still remain elusive (Pechenik 2006; O'Connor et al. 2014).  87 
In this study, we evaluated the link between larval investment in cuticular melanin as 88 
defence against UV exposure in the larval stage and adult immune response in the damselfly 89 
Coenagrion puella (L.). In addition to investigating effects of UV exposure in the larval stage on 90 
age and mass at metamorphosis, we specifically considered the potential mediatory role of 91 
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melanin in shaping carryover effects of larval UV stress to the adult stage and thereby advance 92 
our understanding of the still elusive mechanisms underlying carryover effects of larval stressors 93 
across metamorphosis. The strength of the immune response in the adults was measured as the 94 
melanotic encapsulation of a nylon insert, a commonly used technique to evaluate 95 
immunocompetence in invertebrates (Rantala & Roff 2005), and by quantification of 96 
phenoloxidase (PO) activity and hemocyte counts. We expected that UV-exposed larvae will 97 
protect themselves against the harmful radiation by depositing more melanin in their cuticle (e.g. 98 
Loayza-Muro et al. 2012; Ahlgren et al. 2013), hereby reducing the amount of available 99 
resources for melanin synthesis later in life, which would then be reflected in a lower 100 
encapsulation response in the adult stage (Robb, Forbes & Jamieson 2003). Alternatively, 101 
pleiotropic effects might cause a positive correlation between larval melanin content and the adult 102 
encapsulation response (True 2003; Wittkopp & Beldade 2009).  103 
 104 
Materials and methods 105 
COLLECTION AND HOUSING OF LARVAE 106 
Larvae of the damselfly Coenagrion puella (L.) (Odonata: Zygoptera) were collected in the 107 
winter of 2013-2014 in a pond located in Neerijse, Belgium (50° 49’ 9.94” N, 4° 36’ 24.74” E). 108 
The larvae were brought to the laboratory and transferred individually to 200 mL rearing vials 109 
filled with dechlorinated tap water as culture medium. Over a period of 12 days, they were 110 
acclimated stepwise to a temperature of 22°C by increasing the temperature with 3°C every 2-3 111 
days, and to a photoperiod of 16 h light : 8 h dark by increasing the period of daylight with 2 h 112 
every 4 days. These final conditions were kept throughout the experiment. The larvae were fed 113 
Artemia nauplii twice per day, six days per week (mean number of nauplii per food ration ± SE: 114 
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106 ± 10, n = 12 food rations) until the start of the final instar. The larvae were very synchronous 115 
and they all entered into the final instar within the same week. Further, they were randomly 116 
attributed between both UV treatments and therefore, it is highly unlikely that any initial instar or 117 
size differences at collection affected the results. 118 
UV EXPOSURE 119 
When the larvae entered the final instar, they were randomly assigned to a UV treatment (UV 120 
radiation absent or present), which continued until adult emergence. At the start of the UV 121 
exposure period the culture medium in each vial was renewed. From the start of the final instar, 122 
the larvae were fed two Chironomus riparius larvae, three times per week. UV-exposed larvae 123 
received a daily dose of 36.6 kJ m-² UV-B (280-315 nm) and 421.3 kJ m-² UV-A (315-400 nm). 124 
This UV-B dose corresponds to the average UV-B dose of 64.5% of the summer days with the 125 
highest UV-B irradiation in Belgium, based on the data of June-August 2000-2005 (SoDa Service 126 
2013). All vials were lit by two 58 W linear daylight lamps (OSRAM Cool White) for 16 h per 127 
day. In the UV treatment, vials were in addition lit by six “UVA-340” lamps (Q-Lab), which 128 
have a peak emission at 340 nm and simulate sunlight in the critical short wavelength region 129 
from 365 nm down to the solar cut-off of 295 nm (Hansson, Hylander & Sommaruga 2007 and 130 
references therein). The UV lamps were on for 10 h per day, thereby generating dose rates of 131 
11.70 ± 0.14 W m-² UV-A and 1.02 ± 0.01 W m-² UV-B (mean ± SE). The vials were daily 132 
rotated to ensure homogenous distributions of UV radiation across vials. The water temperature 133 
did not differ between the control and UV treatment (mean ± 1 SE, control: 22.3 ± 0.2°C; UV: 134 
22.1 ± 0.4°C; t18 = 0.47, P = 0.65). The sample size at the start of the exposure period was 58 135 
larvae in the control treatment and 64 in the UV treatment. The final sample sizes per response 136 
variable are indicated in the figures. 137 
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 138 
RESPONSE VARIABLES 139 
Life history 140 
At the start and at the end of the second week of the UV exposure period, the larvae were 141 
weighed to the nearest 0.01 mg using an electronic balance (Mettler Toledo® AB135-S). 142 
Individual growth rates were calculated as (ln final wet mass – ln initial wet mass)/number of days (see 143 
Stoks, Swillen & De Block 2012). The development time was defined as the number of days in 144 
the final instar. Two larvae died during the larval stage. After emergence and just before the 145 
immune challenge, the adults were weighed and sexed. One adult did not successfully emerge 146 
and was not weighed; four adults showed deformations due to contact with the water before 147 
hardening of the skin and were not further analysed. 148 
Investment in UV protection in the larvae 149 
After emergence, the exuviae (i.e. the shed exoskeletons of the final larval instars) of successfully 150 
emerged damselflies were collected for quantification of melanin. As animals accumulate 151 
melanin in their cuticle to protect against UV radiation (True 2003), we used the melanin present 152 
in the exuviae as a measure of UV protection during the final larval instar. Exuviae were weighed 153 
to the nearest 0.01 mg.  154 
The protocol of the melanin extraction was based on Zhou et al. (2012). The melanin was 155 
extracted by adding 1 M NaOH/10% DMSO, of which the volume was adjusted to the mass of 156 
each individual exuvia (extraction volume in µl = 200 × exuvial mass in mg). The samples were 157 
then incubated in a water bath at 80°C for 2 h and afterwards centrifuged at 12,000 g during 10 158 
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minutes. Each sample was loaded in triplicate (3 x 30 µl) on a 384 well plate and absorbance was 159 
read at 380 nm. The concentration of melanin was calculated from a standard curve using a 160 
concentration gradient (0-500 µg ml-1) of synthetic melanin (Sigma-Aldrich) dissolved in 1 M 161 
NaOH/10% DMSO. Cuticular melanin content was expressed as the amount of melanin in the 162 
exuviae (in µg) per mg larval wet mass. 163 
Investment in immune response in the adults 164 
To quantify the immune response in the adult stage we inserted a nylon filament into the body 165 
and subsequently quantified the encapsulation response (Gillespie, Kanost & Trenczek 1997). 166 
This is a standard method for measuring immune response in insects, including damselflies (e.g. 167 
Rantala et al. 2000, Therry et al. 2014). The ability to encapsulate artificial objects is correlated 168 
with the ability to encapsulate parasites (Smilanich, Dyer & Gentry 2009). Specifically, for 169 
damselflies it has been shown that this encapsulation response is a successful strategy to melanise 170 
the mouthparts of ectoparasitic water mites. These parasites insert their mouthparts into the 171 
damselflies’ bodies to feed on their host’s body fluids (Yourth, Forbes & Smith 2001). 172 
Afterwards, the adults were frozen at -80°C for analyses of the activity of phenoloxidase (PO) 173 
activity and the haemocyte number, two key immune function parameters in insects (Siva-Jothy, 174 
Moret & Rolff 2005, González-Santoyo & Córdoba-Aguilar 2012). 175 
After hardening of the exoskeleton, we inserted the nylon filament. During the entire adult 176 
part of the experiment, animals were kept without UV so that we could directly assess the impact 177 
of UV exposure during the larval stage. We inserted a nylon filament (mean length of insert ± 178 
SE: 1.45 ± 0.02 mm, diameter: 0.25 mm) into the first abdominal segment and afterwards 179 
quantified the degree of melanotic encapsulation of the filament. The encapsulated filaments 180 
were removed after 16 h after which they were stored at -20°C until quantification of the 181 
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deposited melanin. Filaments of three animals could not be recovered. Throughout the immune 182 
challenge, the adults were kept in the dark to minimize activity. Before inserting the filament, it 183 
was rubbed with sand paper to enhance the adherence of haemocytes. Unused filaments were 184 
stored in 90% ethanol until use.  185 
To quantify the melanin deposited on the filaments, it was first desorbed following a 186 
similar protocol as used for the extraction of melanin of the exuviae. Here, we used a fixed 187 
volume of 50 µl NaOH/10% DMSO and each sample was loaded in duplicate (2 × 20 µl). Since 188 
the degree of melanisation could be affected by small differences in the length of the inserted 189 
filament, we expressed the encapsulation rate as the amount of melanin per unit of filament 190 
length (µg mm-1). For this, the filaments were photographed under a microscope (Olympus 191 
B × 51) at a magnification of 20 x, after which the length was measured with the software ImageJ 192 
(Rasband 1997-2014). 193 
To quantify the hemocyte number, we first extracted the hemolymph by perfusing the 194 
thorax with 300 µl cacodylate buffer (0.01 M Na‐Coc, 0.005 M CaCl2) (based on Campero et al. 195 
2008a). We then transferred 20 µL of each hemolymph sample into one well of a multiwell 196 
microscopic slide and stained the sample with 5 µl ethidiumbromide (2.5 mM). The samples were 197 
incubated at 4°C during 2 h. Afterwards, from each well five images were taken at five fixed 198 
positions using a fluorescence microscope (Olympus B × 51) at a magnification of 400×. The 199 
average of the five counts was taken as the value of that sample in the analysis. Hemocyte 200 
number was expressed as the total count per mg adult wet mass.  201 
We quantified the PO activity using a modified version of the protocol by Stoks et al. 202 
(2006). The remaining volume of hemolymph sample (280 µl) was first added to the 203 
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homogenized remains of the bodies. The total homogenate was then centrifuged during 7 min at 204 
4°C and 15,700 g. A 96-well microtiter plate was filled with 100 µl homogenate with 35 µl PBS 205 
(50 mM, pH 7.4) and 5 µl of chymotrypsin (5 mg ml-1 milli-Q water) and the mixture was 206 
incubated for 5 min at room temperature. This way all of the pro-enzyme proPO was converted 207 
into PO. In a final step, we added 60 µl L-DOPA substrate (10 mM in PBS) and measured the 208 
absorbance at 490 nm during 30 min every 20 s at 30°C in duplicate. PO activity was determined 209 
as the slope of the linear part (between 200 s and 1000 s) of the reaction curve and expressed in 210 
units with 1 unit representing 1 mmol dopachrome formed per min per mg adult wet mass.  211 
Statistical analyses 212 
We ran ANOVAs to test for effects of UV exposure on the different response variables using R 213 
(R Core Team 2013). UV treatment and sex were included as fixed factors; we initially also 214 
included the interaction between both, but as this term was never significant, we removed it from 215 
the final models. To meet model assumptions, development time was log-transformed, 216 
encapsulation rate was square root-transformed, and both growth rate and hemocyte number were 217 
log (x+1)-transformed. To test whether effects of UV on the mass at emergence could be 218 
explained by a difference in the mass of the cuticle, we ran a similar ANOVA on the sum of the 219 
mass at emergence and cuticle mass. To keep the manuscript focused and as sex did not interact 220 
with UV exposure, we will not report any sex effects. 221 
 To gain a better mechanistic understanding of the processes underlying the observed UV-222 
driven effects in the ANOVAs we used structural equation modelling (SEM). This statistical 223 
technique allows to explore covariation patterns and causal relationships among variables 224 
(Shipley 2002). Specifically, we used SEM to disentangle whether the significant effects of larval 225 
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UV exposure on adult traits (as detected in the ANOVAs) were direct effects or indirect effects 226 
mediated via effects on age and mass at emergence or via cuticular melanin content. On the basis 227 
of previous research conducted mainly on insects, we constructed an a priori SEM model 228 
including (i) direct and indirect effects of UV on the adult traits (Pahkala, Laurila & Merilä 2001; 229 
Stoks & Córdoba-Aguilar 2012), (ii) a direct effect of melanin content in the exuviae on both the 230 
adult PO activity and the encapsulation response (Bailey 2011; Prokkola et al. 2013), and (iii) a 231 
correlation between adult PO activity and the encapsulation response (Bailey 2011). Since sample 232 
size was relatively small in comparison to the numbers of parameters to estimate, and given we 233 
only wanted to obtain mechanistic insights in the effects detected in the ANOVAs, we only 234 
included those variables in the model that were found to be affected by UV in the ANOVAs. 235 
UV was incorporated into the model by assigning 0 and 1 to control and UV-exposed 236 
individuals, respectively. Sex was treated as a grouping factor in a multigroup approach 237 
(Pugesek, Tomer & Von Eye 2003). Since the ANOVAs did not suggest an interaction between 238 
UV and sex on any of the response variables, we constrained all path coefficients to be equal 239 
across both sexes. This choice was further supported by model comparison on the basis of AIC 240 
scores between the model in which all path coefficients were constrained to be equal across sexes 241 
and the model in which they were allowed to vary between them (∆AIC = 18.86). Path 242 
coefficients were standardized to convert all paths to a common metric useful to compare their 243 
relative importance among paths (Pugesek, Tomer & Von Eye 2003). 244 
The fit of the SEM model was evaluated using three metrics: (i) the χ² value that tests for 245 
the similarity between the observed and predicted covariance matrix and should be non-246 
significant in case of adequate fit, (ii) the root mean square error of approximation (RMSEA) 247 
where values ≤ 0.05 indicate a good fit, and (iii) the comparative fit index (CFI) where values ≥ 248 
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0.97 reflect good fit (Schermelleh-Engel, Moosbrugger & Müller 2003). The SEM model was 249 
constructed in R (R Core Team 2013) using the lavaan package (Rosseel 2012).   250 
 251 
Results 252 
Growth rate in the larval stage was not affected by the UV treatment (ANOVA, F1,117 = 0.27, P = 253 
0.60, Fig. 1a). However, UV-exposed animals had a ca. 2 days longer development time (F1,117 = 254 
18.70, P < 0.0001, Fig. 1b) and emerged with a lower mass (F1,116 =  7.31, P = 0.0079, Fig. 1c) 255 
than animals reared without UV. The cuticle mass was higher in animals exposed to UV (mean ± 256 
1 SE: 0.74 ± 0.02 mg) compared to control animals (0.67 ± 0.02 mg) (F1,116 = 5.38, p = 0.022), 257 
but even when correcting for this, mass at emergence was lower in UV-exposed animals (control: 258 
24.88 ± 0.45 mg, UV: 23.91 ± 0.31 mg, F1,115 = 5.09, p = 0.026). 259 
 Larvae that were reared under UV incorporated more melanin in their cuticle (F1,112 = 260 
13.79, P = 0.00032, Fig 2a), while they showed a reduced encapsulation of the nylon filaments as 261 
adults (F1,109 = 4.59, P = 0.034, Fig 2b). The adults that had been previously exposed to UV had a 262 
higher PO activity than control animals (F1,112 = 8.10, P = 0.0053, Fig. 2c), but did not show 263 
altered hemocyte numbers (F1,112 = 0.92, P = 0.34, Fig. 2d).  264 
The fitted SEM model was well supported by the data (χ²15 = 11.14, P = 0.74, RMSEA = 265 
0.00 (95% C.I. = [0.00; 0.09]), CFI = 1.00). UV exposure had a strong direct positive effect on 266 
the larval cuticular melanin content (Fig. 3). Cuticular melanin negatively affected the adult 267 
encapsulation response. There was no direct effect of previous UV exposure on the encapsulation 268 
response in the adults, but UV did indirectly affect this trait negatively via its positive effect on 269 
the larval cuticular melanin content. The positive effect of UV exposure on adult PO activity was 270 
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mainly direct. There were, however, also trends that cuticular melanin (negatively) and 271 
development time (positively) affected adult PO activity, suggesting two minor opposing indirect 272 
paths by which UV affected PO activity. 273 
 274 
Discussion 275 
As a response to UV exposure, larvae of the damselfly C. puella invested more in melanin, and 276 
had a longer development and a lower mass at metamorphosis. Carryover effects of larval UV 277 
exposure were detected in the adult stage in terms of a reduced melanotic encapsulation response 278 
and an increased PO activity, while haemocyte numbers remained unaffected. We discuss these 279 
results in more detail with specific attention to the mechanistic insights delivered by the path 280 
analysis. 281 
UV-exposed animals showed a higher melanin content in their exoskeleton. This is a 282 
defensive response, since melanin has been shown to possess photoprotective properties 283 
(Sugumaran 2002). Several correlational studies reported the connection between cuticular 284 
melanin and UV radiation (e.g. Rautio & Korhola 2002; Loayza-Muro et al. 2013; Bastide et al. 285 
2014), but few have experimentally shown an increased cuticular melanin deposition as a plastic 286 
response to UV radiation (e.g. Belden & Blaustein 2002; Loayza-Muro et al. 2012; Ahlgren et al. 287 
2013).  288 
UV radiation affected age and mass at metamorphosis, two key life-history traits (Roff 289 
2002). The delayed metamorphosis at a smaller mass is expected to negatively affect adult fitness 290 
in damselflies (Stoks & Córdoba-Aguilar 2012, for C. puella: Thompson et al. 2011), although a 291 
longer development time could also have allowed the larvae to accumulate more melanin for UV 292 
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protection. Similar life history effects of UV exposure have been reported for other aquatic taxa, 293 
including amphibians (e.g. Pahkala, Laurila & Merilä 2001; Pahkala et al. 2003) and cladocerans 294 
(Huebner et al. 2013). The delayed metamorphosis at a smaller mass seems to conflict with the 295 
absence of UV effects on the larval growth rates. Yet, larval growth rates were measured during 296 
the first two weeks of UV exposure, while larvae were exposed to UV for on average 25 days 297 
before they metamorphosed, suggesting that growth effects appeared after the first two weeks of 298 
exposure.  299 
There are several non-exclusive explanations for the observed effects of UV on life 300 
history. First, UV causes damage to nucleic acids, proteins and lipids (Bancroft, Baker & 301 
Blaustein 2007), through direct action (e.g. the formation of pyrimidine dimers in DNA) or 302 
indirectly through the formation of reactive oxygen species (ROS) (Borgeraas & Hessen 2002). 303 
Second, there are energetic costs related to the repair or replacement of the UV-induced damage 304 
(Fischer et al. 2006), as well as to the protection against the harmful radiation, for example with 305 
photoprotective compounds and pigments, such as melanin, or through the upregulation of 306 
antioxidant enzymes (Borgeraas & Hessen 2002). Several studies indeed have reported trade-offs 307 
between life-history traits and melanin investment (e.g. Cotter, Kruuk & Wilson 2004; Talloen, 308 
Van Dyck & Lens 2004; Prokkola et al. 2013). Although at the treatment level such a trade-off 309 
was also suggested in our study, it was not upheld in the path analysis. Third, as UV-exposed 310 
larvae had a higher cuticular melanin content, one could hypothesise that this would result into a 311 
heavier exuvia, that could have explained the lower body mass at emergence of the adults after 312 
having it shed. However, after taking into account the mass of the exuvia, there was still an effect 313 
of UV on the body mass at emergence, meaning that the heavier cuticle under UV did not 314 
(entirely) account for the mass difference between adults in the control and the UV treatment. 315 
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While in vertebrates, it had been shown before that UV can impair the immune system 316 
(e.g. Goettsch et al. 1994; Markkula et al. 2007), our study is the first to show this effect in an 317 
invertebrate. Indeed, UV-exposed larvae showed a reduction in a key measure of immune 318 
responsiveness in insects: a reduced melanotic encapsulation rate (Gillespie, Kanost & Trenczek 319 
1997). Moreover, our study identified a key trade-off underlying this delayed cost of UV-320 
exposure: the lower melanotic encapsulation rate in the adult stage was negatively associated 321 
with a higher cuticular melanin content in the larval stage. This direct coupling across 322 
metamorphosis was further supported at the individual level by the path analysis and, given that 323 
melanisation is costly (Talloen, Van Dyck & Lens 2004; Stoehr 2006; Lee, Simpson & Wilson 324 
2008), this likely reflects a melanin allocation trade-off. Indeed, the intake of tyrosine and 325 
phenylalanine, the precursors of melanin, is dietary dependent and thus can be limiting 326 
(Sugumaran 2002; Cerenius & Söderhäll 2004). More generally, negative covariation patterns 327 
between cuticular colouration and immunocompetence have been documented (e.g. Robb, Forbes 328 
& Jamieson 2003; Hagen et al. 2006; but see e.g. Smilanich, Dyer & Gentry 2009; Prokkola et al. 329 
2013). As we measured this melanin trade-off between UV defence and immune response across 330 
metamorphosis, not only the resource use for coloration and immune defence should be 331 
considered, but also the demands for the production of sclerotin, the major cuticle-hardening 332 
agent, which is also a competitor for melanin precursors (Sugumaran 2002). Given the 333 
mechanistic base, this carryover effect of larval UV exposure on adult immune function is 334 
therefore expected to be general and may constitute a widespread and important cost of UV 335 
exposure in invertebrates. In addition, UV exposure in the larvae could have caused an increased 336 
expression of cuticular melanin in the adults as well, redirecting precursors and/or PO to the adult 337 
cuticle and thereby possibly contributing to the lower availability of these compounds for the 338 
melanotic encapsulation response.  339 
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In contrast to the encapsulation response, UV radiation increased PO activity in the adult 340 
stage. Likewise, Yang, Ruuhola & Rantala (2007) found that starvation increased PO activity and 341 
simultaneously decreased the encapsulation response. They suggested that starved animals 342 
attempt to compensate for the reduced encapsulation capacity by increasing PO activity, but due 343 
to the limited amount of PO substrates, this compensation fails and does not result in a higher 344 
encapsulation rate. A similar process might also explain our findings, as PO substrates might 345 
have been exhausted due to the investment in cuticular melanin. Another explanation for the 346 
increased PO activity in the UV-exposed animals could be that they were slower in 347 
downregulating the enzyme after the UV exposure or after the immune challenge (Siva–Jothy 348 
2000). Besides a direct UV-driven increase in PO activity, the path analysis also revealed that a 349 
higher investment in cuticular melanin in the larval stage tended to be associated with increased 350 
PO activity in the adult stage. Similar correlations have been reported within the larval stage 351 
(Wilson et al. 2001; Armitage & Siva-Jothy 2005) and also across metamorphosis (Bailey 2011).  352 
While life history theory typically only includes the optimisation of age and mass at 353 
metamorphosis and assumes effects of larval stressors to be carried over to the adult stage 354 
through these traits (e.g. Rowe & Ludwig 1991; Abrams et al. 1996; Relyea 2007), this was not 355 
upheld in our study. Indeed, there was little evidence for a role of development time and mass at 356 
metamorphosis as mediators of UV carryover effects to the adult stage. The path analysis instead 357 
showed that PO activity was mainly affected by a direct UV effect, while there was only a trend 358 
for a minor indirect effect directed through development time that counteracted the direct effect. 359 
Likewise, the encapsulation response was only indirectly affected by UV, but not through effects 360 
on the life history traits. Few other studies also documented that carryover effects of larval 361 
stressors across metamorphosis were not mediated by age and mass at metamorphosis (De Block 362 
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& Stoks 2005; Van Allen et al. 2010), yet these studies failed to identify the nature of the link. 363 
Here, we could demonstrate that cuticular melanin mediated the effect of UV on the 364 
encapsulation response and this also tended to play a role in the indirect effect on PO activity. 365 
Therefore, we identified a new mechanistic pathway by which effects of larval stressors are 366 
carried over to the adult stage. This finding is important, as the extent to which larval stressors 367 
bridge metamorphosis and affect adult fitness-related traits and especially the underlying 368 
mechanisms coupling larval and adult life stages are still poorly understood, yet are thought to 369 
play a major role in ecol gy and evolution (Pechenik 2006; Stoks & Córdoba-Aguilar 2012; 370 
O'Connor et al. 2014). 371 
In summary, we showed a trade-off across metamorphosis between melanin investment 372 
for UV defence in the larval stage and a key immune response, the melanotic encapsulation 373 
response, in the adult stage, thereby providing the first proof for UV impairing the immune 374 
response in an invertebrate. Together with the effects of UV on age and mass at metamorphosis, 375 
this may have severe consequences for adult fitness. As UV may also have deleterious effects on 376 
parasites themselves (e.g. Overholt et al. 2012), the final outcome for the host-parasite 377 
interactions under UV exposure, however, needs explicit empirical testing. While melanin-based 378 
trade-offs have received considerable attention (e.g. Talloen, Van Dyck & Lens 2004; Hagen et 379 
al. 2006; Smilanich, Dyer & Gentry 2009; Prokkola et al. 2013), we here demonstrated it in the 380 
context of UV defence and the impairment of immune response across metamorphosis. Our study 381 
illustrates the power of the path analytic approach in identifying trade-offs and in avoiding falsely 382 
concluding effects of larval stressors only mediated by age and mass at metamorphosis. It is 383 
important to note that, besides UV, many other stressors such as food shortage (Lee, Simpson & 384 
Wilson 2008), temperature (Prokkola et al. 2013), drought (Talloen, Van Dyck & Lens 2004) and 385 
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crowding (Hagen et al. 2006) may affect cuticular melanin levels. Our results therefore highlight 386 
that future studies may benefit by considering melanin as a mediator of carryover effects across 387 
metamorphosis to get better insight in the still largely enigmatic ways how larval stressors shape 388 
adult fitness (Pechenik 2006; Stoks & Córdoba-Aguilar 2012; O'Connor et al. 2014). More 389 
general, studies extending the set of typical life-history traits measured at metamorphosis may 390 
provide better refined insights on the coupling between larval and adult stages and therefore on 391 
the evolution of complex life cycles.  392 
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 586 
Figure legends 587 
Fig. 1 Mean larval growth rate (A), larval development time (B) and adult mass at emergence 588 
(C) as a function of larval UV exposure in the damselfly C. puella. Given are observed means + 1 589 
SE. 590 
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 591 
Fig. 2  Larval cuticular melanin content (A), adult encapsulation rate (B), PO activity (C) and 592 
hemocyte number (D) in the adult stage as a function of larval UV exposure in the damselfly C. 593 
puella. Given are observed means + 1 SE. 594 
 595 
Fig. 3 Graphical representation of the a priori path model, which was supported by the SEM 596 
analysis. Path coefficients were standardized and their significance is indicated by asterisks: * P < 597 
0.05, (*) 0.05 < P < 0.10. The thickness of the arrows is proportional to the strength of the 598 
standardized path coefficients. Non-significant pathways included in the model are represented 599 
by dashed lines. A single headed arrow indicates a direct effect of one variable on another one; a 600 
double headed bended arrow indicates a covariation between two variables. 601 
 602 
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